INTRODUCTION

Kanamori and Given [1982] analyzed long-period (---
The S waves shown in Figure 1 are the transverse component and are plotted in a manner similar to the P waves. We find that the polarity of the waveforms observed at the stations to the east of the source (i.e., KON, GRF, BOC, and ZOB) is reversed with respect to that to the west (i.e., MAJ and TAT). Other important features are that the amplitudes of the P waves are about the same as those of the S waves, and the dominant period of the S waves is about 35 s, which is significantly longer than 25 s, the dominant period of the P waves (see Figure 4a) . The maximum amplitude and the polarity of the P and $ waves are plotted in Figure 2 as a function of azimuth. In this plot, the ASRO instrument responses are equalized to the SRO response and a small correction is made for geometrical spreading to normalize the amplitudes to A -76 ø, the distance to GRF. The amplitude variation due to the difference in takeoff angle is ignored.
Since the number of stations is very small, we cannot determine the source force system unambiguously from this data set. It is difficult, however, to explain the P to S amplitude ratio by using a standard double couple source. Any double couple source would yield $ waves with amplitudes several times larger than those of the P waves.
Here we interpret that these short-period waves are due to the explosive sources associated with the eruption. Although the mechanism of seismic radiation by a volcanic eruption is not known in detail, we show in the appendix that a volcanic eruption can be modeled by a combination of a single force representing the thrust of the eruption and an implosive source corresponding to the sudden pressure release in the magma chamber. For a simple model of eruption the amplitude ratio of seismic waves excited by the single force to those excited by the isotropic source is approximately equal to the ratio of the seismic wave velocity to the particle velocity of the fluid (or gas) in the magma chamber. Since t•..'s ratio is about 10, we represent the source by a single force, ignoring the implosive source. Referring to the spherical coordinate system shown in Figure 3 , the displacement field at (r,0,•) in a homogeneous elastic •hole space (density, p; P velocity, a; $ velocity, /•) due to a single force h(t) (t -time) on x-z plane applied at the origin is given by 
TAT ( cutoff periods of 65 and 1000 s. Figure 5 shows the filtered seismograms, and the maximum amplitudes are plotted in Figure 6 after the difference in geometric spreading factor is corrected. The amplitudes are corrected to a distance of 76 ø .
In Figure 5 , the arrival time of SS is indicated by a dot. Since we are primarily interested in the direct S phase, we indicate by a dashed curve the portion of the filtered records that may be contaminated by the SS phase. Figure 9 shows, the direction of the first motion at CaR at this time is up. These data suggest that the Ms • 5.2 earthquake represents the beginning of the sliding motion of the landslide. Since the equivalent force for the landslide is the nearly horizontal southward single force, the first motion would be down at LaN and up at CaR. However, since no other longperiod data are available, the evidence is not definitive. We next convolve the deconvolved trace (Figure 10b ) with the SRO response to compare it with the far-field waveforms shown in Figure 1 (Figure 1 l a) . A striking similarity between this trace and any one of the far-field records (e.g., GRF, see 1 lb and 1 l c) . This result can be explained by using the solution of the classic Lamb's problem [Lamb, 1904] . That is, the LON record represents the Rayleigh wave due to the vertical single force applied at the source. For a step function single force applied verti-' cally downward at the free surface of a homogeneous elastic half space (rigidity -t0, the displacement at distance r on the free surface is given approximately by a step function with a delta-function-like singularity preceding it. This step function propagates with the Rayleigh wave velocity, and the amplitude is given by 0.37/•rt•r (downward) [e.g., see Richards, 1979 , Figure 2c ]. When this response is convolved with the instrument response, the delta function pulse has only negligible contribution so that the overall response is given by the step function propagating with the Rayleigh velocity. For a downward vertical force, the main P wave pulse at GRF is upward, while the main Rayleigh wave pulse at LON is downward. Thus the LON record should be reversed in polarity and shifted in time by the amount equal to the difference in the P wave and Rayleigh wave travel times to be matched against the GRF record.
Kanarnori and Given [1983] substantiated this interpretation by examining the long-period seismograms recorded at LON for large eruptions on June 13, August 7, and August 8, 1980. They found a clear 90 ø phase shift between the vertical and the radial components and confirmed that the observed pulse is a Lamb pulse excited by a vertical downward single force due to the eruption.
Since the waveform of Rayleigh waves at a short distance directly represents the time history of the force at the source, we can use the deconvolved trace at LON to check the result we obtained from the far-field data. As Figure  10 shows, the deconvolved trace indicates a series of pulses, each having a duration of 20-30 s. However, because of the lack of response at long periods, the baseline cannot be determined unambiguously. Here we consider two extreme cases. First, we use the upper envelope shown by a dashed curve in Figure 10b as the baseline. In this case, the displacement is a series of downward pulses as In this case, the event sequence S2 (Figure 10e ) is obtained. Although the overall structure (two events 2 min apart) is similar to that of Sl, the polarity of the forces is opposite to that of These two event sequences, Sl and S2, are convolved with the WWSSN instrument response and are compared with the observed trace (Figure 12 ). Both sequences can explain the overall feature of the observed record satisfactorily. Assuming that the observed signal represents the Rayleigh wave excited by a vertical single force, we can determine the magnitude of the force. Assuming a homogeneous half space with a rigidity • = 20 GP, we obtain 3.1 x 1012 N for the peak value of Sl and S2. This value is about 20% larger than that obtained from the far-field data but is considered reasonable in view of the very simple half-space model used here. Since the far-field value is determined by the records from many stations, we consider it more reftable and will use it hereafter. However, the LON record probably represents the source time history more accurately than the far-field records.
The actual event sequence is probably somewhere between these two extreme cases. However, the relatively abrupt downward motion at about 2 s after ta on both the short-and long-period records indicates that the first triangular pulse is probably downward and the sequence given by S l is preferable. The polarity of the later subevents is more difficult to determine. We will use for the discussion below, but the uncertainty in the overall polarity should be borne in mind. The event sequence Figure 13d show the vertical, radial, and transverse components. The body wave part is blown up 5 times vertically and is shown by traces a', b', and c'. The P wave, the SV wave (on the vertical and radial components, respectively), and the Rayleigh wave all show the double pulses excited by the vertical force. In contrast, the SH wave is very small, substantiating our conclusion that the short-period source is essentially vertical. As we will show later, the Love wave can be explained by a long-period horizontal single force due to the landslide. It should also be noted that a part of the seismic excitation could be due to some processes that occurred within the magma chamber and may not be directly related to the surface eruption. Consider a pressurized cylinder (pressure P, height l, and radius a) embedded in an elastic half space ( Figure  A 1 a) . The cylinder is initially capped by the lid AB, which is removed at time t = 0 to cause an "eruption."Before the eruption, the fluid (or gas) inside the cylinder exerts the force Fr = •ra2p on the lid All, which, in turn, pulls the half space upward. When the lid AB is suddenly removed, the force vanishes instantaneously, while the pressure inside the cylinder decreases to zero gradually, with a time constant r. This time constant is at least comparable to l/v, where v is the particle velocity of the fluid inside the cylinder. Since the forces acting on the sidewall, Fs, and the bottom, FB, of the cylinder are proportional to the pressure, they also decrease gradually to zero. Thus as long as (a/r) < < 1, the effect of the isotropic source can be ignored.
Time
